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Abstract. An experimental Very Low Frequency (VLF)
World-Wide Lightning Location Network (WWLLN) has
been developed through collaborations with research insti-
tutions across the world, providing global real-time loca-
tions of lightning discharges. As of April 2006, the net-
work included 25 stations providing coverage for much of
the Earth. In this paper we examine the detection efﬁciency
of the WWLLN by comparing the locations from this net-
work with lightning location data purchased from a commer-
cial lightning location network operating in New Zealand.
Our analysis conﬁrms that WWLLN favours high peak cur-
rent return stroke lightning discharges, and that discharges
with larger currents are observed by more stations across the
global network. We then construct a ﬁrst principles detection
efﬁciency model to describe the WWLLN, combining cal-
ibration information for each station with theoretical mod-
elling to describe the expected amplitudes of the VLF sferics
observed by the network. This detection efﬁciency model al-
lows the prediction of the global variation in WWLLN light-
ning detection, and an estimate of the minimum CG return
stroke peak current required to trigger the network. There
are strong spatial variations across the globe, primarily due
to station density and sensitivity.
The WWLLN is currently best suited to study the oc-
currence and impacts of high peak-current lightning. For
example, in 2005 about 12% of the global elve-producing
lightning will have been located by the network. Since the
lightning-EMP which produce elves has a high mean rate
(210 per minute) it has the potential to signiﬁcantly inﬂuence
the ionosphere on regional scales.
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1 Introduction
Lightning discharges are powerful impulsive sources of elec-
tromagnetic energy over a wide bandwidth (Magono, 1980),
with the bulk of the energy radiated in the frequency bands
<30kHz (Pierce, 1977). Passive lightning location meth-
ods rely upon the energy released by the lightning discharge,
acoustically (thunder), optically (lightning), and in the ra-
dio frequency spectrum (Uman, 1987). Today, commercial
lightning location networks are in operation in many regions
of the world, using multiple stations to locate the source
of lightning electromagnetic radiation pulses (Rakov and
Uman, 2003). The economic advantages that many groups
obtain from accurate and virtually instantaneous lightning lo-
cation data, results in these data being in high demand from
many industries such as electricity generators and distribu-
tors, aviation, forestry, sporting groups, insurance companies
and weather forecasters (Cummins et al., 1998a). In addition
to these groups, there is also strong scientiﬁc interest in the
application of lightning data to a wide range of research top-
ics including lightning and related thunderstorm processes
(Lyons et al., 1998), severe weather warning (Knupp et
al., 2003), high altitude discharges (Rodger, 1999), global
warming (Williams, 1992; Schlegel et al., 2001), regional
meteorological processes (Hamid et al., 2001), production
of important trace chemicals (Jourdain and Hauglustaine,
2001), determination of ionospheric parameters (Cummer
et al., 1998), and magnetospheric wave-particle interactions
(Rodger et al., 2003).
Multi-station lightning location systems generally consist
of a number of spatially separated receiver stations posi-
tioned on the surface of the Earth (although some single sta-
tion techniques also exist, e.g., Huang et al., 1999). In multi-
station lightning location systems the information from each
station is, on its own, insufﬁcient to enable the location of the
discharge to be determined. However, when the information
from some or all of these stations is combined together at a
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Fig. 1. Locations and hosts of the 25 VLF receiving stations operating in the VLF World-Wide Lightning Location Network as of April
2006. The 20 stations included in the detection efﬁciency analysis are marked as green diamonds, while new stations are yellow diamonds
(however, note the comment on Bhopal in the Table 1 caption). The location of the central processing computer plus receiver is shown as a
red diamond, while the planned locations of future WWLLN sites are shown as blue triangles.
central site, the location of the discharge can be determined.
In general single-station techniques are cheaper to operate
but less accurate, while multi-station networks tend to offer
higher location accuracy and detection efﬁciency. An exam-
ple is the United States National Lightning Detection Net-
work (NLDN), which in 1996 used 106 sensors located over
the continental United States to achieve a typical accuracy of
0.5km (Cummins et al., 1998b). Many commercial lightning
detection networks require such high location accuracies to
allow electrical power transmission companies to quickly lo-
cate lightning-produced line faults or to assist insurance in-
spectors in checking claims. Such networks rely upon the
ﬁrst few microseconds of the lightning pulse received in the
Medium Frequency (MF) band (0.3–3MHz), thus avoiding
the sky wave (that which reﬂects from the ionosphere), by
processing only the ground wave (which has high attenuation
at the high frequencies used). Thus NLDN requires >100
ground stations to cover the contiguous US (∼107 km2), cor-
responding to a ground station density of ∼10Mm−2. Such
a high density of stations makes these systems poorly suited
for coverage of areas with low population density, or eco-
nomic development, or across the oceans.
Low-Frequency Electromagnetic Research Ltd. has cre-
ated an experimental Very Low Frequency (VLF) World-
Wide Lightning Location Network (WWLLN) through col-
laborations with research institutions across the globe (Fig. 1
shows the April 2006 network conﬁguration). The network
exploits the considerable electromagnetic power radiated by
lightning as “sferics” present in the VLF band (3–30kHz).
Very long range remote sensing is possible; these VLF sig-
nals can be received thousands of kilometres from the source
(Crombie, 1964), as the electromagnetic energy propagates
with low attenuation inside the waveguide formed by the
conducting Earth and the lower boundary of the ionosphere,
termed the Earth-Ionosphere Waveguide (EIWG). The verti-
cal electric ﬁeld from strong lightning normally dominates
over power line noise in the receiver bandwidth (6–22kHz),
such that the WWLLN receiving stations have relative free-
dom from the restriction of noise-free receiver locations re-
quired for other long-range lightning location techniques
(e.g., Fullekrug and Constable, 2000). The use of differ-
ing sferic frequency ranges (e.g., VLF versus MF) in multi-
station lightning location networks has been discussed by
Cummins and Murphy (2000) and Dowden et al. (2002). The
ultimate aim of the WWLLN is to provide real-time locations
of cloud-to-ground lightning discharges occurring anywhere
on the globe, with >50% ﬂash detection efﬁciency and mean
location accuracy of <10km.
The location accuracy and regional detection efﬁciency
of the WWLLN network has been examined by contrast-
ing its observations with those from MF/HF lightning de-
tection networks in Australia, Brazil, and America (e.g.,
Lay et al., 2004; Rodger et al., 2004, 2005; Jacobson et
al., 2006). These studies indicated that WWLLN does in-
deed detect strong lightning discharges in various parts of
the Earth, and produced estimates for the global location ac-
curacy. A very recent study showed that WWLLN detects
lightning-producing storms with high efﬁciency inside a 3-h
timeperiod, showingthatWWLLNcanbeusefulforlocating
deep convection for weather forecasting on the rather com-
mon meteorological 3-h update cycle (Jacobson et al., 2006).
From these studies it is clear that the detection efﬁciency is
low, with a few percent of global lightning activity detected
(e.g., Rodger et al., 2005). For many scientiﬁc applications,
the beneﬁts of a global overview in real time can outweigh
the very low total lightning detection. Observations of red
sprites undertaken from the space shuttle Columbia during
the ill-fated STS107 mission used WWLLN activity maps
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Table 1. Locations and hosts of the 25 VLF receiving stations currently operating in the VLF World-Wide Lightning Location Network.
Note that the Bhopal station, which is included in the detection efﬁciency analysis presented in this study, was retired from the WWLLN
in late December 2005 due to technical problems, and thus 26 stations are included in the table. The solid line indicates the 20 WWLLN
stations which were included in the calibration campaign period.
Location Latitude (N) Longitude (E) Host
Dunedin –45.8639 170.514 University of Otago
Darwin –12.3718 130.868 Northern Territory University
Perth –32.0663 115.836 Murdoch University
Osaka 34.8232 135.523 Osaka University
Singapore 1.2971 103.779 National University of Singapore
Brisbane –27.5534 153.052 Grifﬁth University
Suva –18.1489 178.4459 University of the South Paciﬁc
LANL 35.8721 –106.328 Los Alamos National Laboratory
Budapest 47.4748 19.062 E¨ otv¨ os University
Seattle 47.654 –122.309 University of Washington
MIT 42.3604 –71.0894 Massachusetts Institute of Technology
Durban –29.8711 30.9764 University of KwaZulu-Natal
Bhopal 23.2146 77.4363 Barkatullah University
Sao Paulo –23.2075 –45.8595 Instituto Nacional de Pesquisas Espaciais
Tahiti –17.5767 –149.609 Universite de la Polynesie Francais
Mexico City 19.3261 –99.1764 Universidad Nacional Autonoma de Mexico
Tel Aviv 32.1130 34.8062 Tel Aviv University
Lisbon 38.7758 –9.1257 Portugal Meteorological Institute
Shefﬁeld 53.3811 –1.4779 University of Shefﬁeld
Moscow 55.4765 37.3143 Institute of Terrestrial Magnetism,
Ionosphere and Radiowave Propagation
Huancayo –12.053 –75.2863 Instituto Geoﬁsico del Peru
Mayag¨ uez 18.2096 –67.1395 University of Puerto Rico
Honolulu 21.2991 –157.816 University of Hawaii at Manoa
Sodankyla 67.4209 26.39 University of Oulu
Rothera –67.5691 –68.1245 British Antarctic Survey
Ascension –7.95005 –14.3781 British Antarctic Survey
available from the internet to orientate the shuttle (Yair et al.,
2004), allowing some predication of where active thunder-
storms containing the large lightning events associated with
transient luminous events (e.g., sprites) would be located.
Other recent scientiﬁc studies have made use of WWLLN
observations to provide continuous lightning observations in
parts of the world where coverage is provided only by brief
and rare satellite overpasses (e.g., Yair et al., 2005; Collier et
al., 2006).
In this paper we examine the detection efﬁciency of the
WWLLN by comparing the lightning locations reported by
this network with lightning location data purchased from a
New Zealand commercial lightning location network. We go
on to construct a ﬁrst principles detection efﬁciency model
to describe the WWLLN, combining calibration information
for each station with theoretical modelling to describe the
expected amplitudes of the VLF sferics observed by the net-
work, and hence determine the detection efﬁciency of the
network.
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Fig. 2. Summary of 2004 WWLLN lightning activity. The density map shows the annualized geographical distribution of total lightning
activity in units of ﬂashes km−2 yr−1. The upper and left hand panels show how the activity varies with longitude and latitude, respectively.
2 WWLLN description
The basic operation of the WWLLN receiving stations, the
location ﬁnding process, and time of group arrival (TOGA)
calculation are described in Dowden et al. (2002), while
network operation issues associated with stroke selection
and data management have been discussed in Rodger et
al. (2004). The nature of the “standard” VLF WWLLN
receiving stations and sferic selection process was outlined
in Rodger et al. (2005). As of April 2006 the WWLLN
consisted of 25 operational receiving stations shown as di-
amonds in Fig. 1 and listed in Table 1. Each station con-
sists of an electric ﬁeld “whip” antenna, processing com-
puter, and an internet connection to send TOGA values back
to the central processor. The solid line in Table 1 indicated
the 20 WWLLN stations which were included in the study on
WWLLN detection efﬁciencies, described below. Note that
the Bhopal station was retired in December 2005 due to tech-
nical problems, as was the station in Tainan (Taiwan) listed
in earlier WWLLN publications (e.g., Rodger et al., 2005) in
early 2005, leading to the total of 26 stations listed in Table 1.
TheWWLLNcentralprocessingcomputers(CPCs)arelo-
cated in Seattle (USA). The Dunedin (New Zealand) central
processor was shut-down in August 2005, but is planned to
return in mid-2006. Further receiver stations are planned for
South America and Central Asia, as shown by the blue trian-
gles in Fig. 1. However, as seen in the ﬁgure, the WWLLN
stations are far from being uniformly spaced, despite the
rapid growth over the last 4 years.
Figure 2 shows the global lightning activity reported by
the WWLLN for 2004. This plot includes 19.7 million “high
quality” WWLLN determined lightning locations, deﬁned by
the WWLLN operators as events with residuals less than
30µs and where ≥5 WWLLN stations participated in pro-
viding the locations. The central density map in Fig. 2 shows
the annualized geographical distribution of total lightning ac-
tivity in units of ﬂashes km−2 yr−1, to be contrasted with the
average geographic global ﬂash rate variation (Christian et
al., Fig. 4, 2003) observed by the Optical Transient Detec-
tor (OTD) satellite over 5 years. Clearly, some of the ex-
pected features for “typical” lightning distributions, as re-
ported by the OTD mission, are present in the 2004 WWLLN
lightning activity map, particularly in the “Maritime Conti-
nent” (South-East Asia, northern Australia and the Indone-
sian archipelago). Regions of greater lightning density in the
WWLLN locations generally correspond to land masses, as
expected. Nonetheless, the WWLLN lightning activity cur-
rently reﬂects the relative station densities (Fig. 1), favour-
ing the Maritime Continent, the weaker of the three thun-
derstorm “chimney” regions (Orville and Henderson, 1986),
over the other two regions (America and Africa). However,
the strongest lightning producing region, Africa (e.g., Chris-
tian et al., 2003), is currently fairly well represented in the
data when one considers the low number of stations in this
region.
The upper and left hand panels of Fig. 2 show how the
2004 WWLLN lightning activity varies with longitude and
latitude, respectively. This ﬁgure should be contrasted with
the classic Carnegie curve for regional thunderstorm occur-
rence (Whipple and Scrase, 1936), which shows the domi-
nance of the three tropical chimney regions. While the di-
urnal global thunderstorm occurrence expressed through the
Carnegie curve suggests that lightning activity is strongest
in Africa/Europe, followed by the Americas and ﬁnally the
Maritime Continent, the 2004 WWLLN data had a much
stronger Maritime Continent contribution reﬂecting the local
station density.
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3 Comparison with commercial lightning location data
In previous studies the location accuracy and detection efﬁ-
ciency of the WWLLN was examined by making a compar-
ison with commercial MF lightning location systems. Rela-
tively small time periods were used to contrast lightning ob-
servations from the differing systems in Australia (Rodger et
al., 2004; 2005) and Brazil (Lay et al., 2004). Here we follow
the approach outlined for Australia, but using a much longer
lightning data set collected in and around New Zealand.
3.1 NZLDN lightning location data
The New Zealand Lightning Detection Network (NZLDN)
is operated by the New Zealand MetService. The NZLDN
is comprised of ten IMPACT ESP2 sensors, deployed to pro-
vide optimal detection efﬁciencies and location accuracies
for Cloud to Ground (CG) return strokes (and not ﬂashes)
with peak currents ≥5kA. Industry standard software for
modelling network performance suggests that the NZLDN
will achieve better than 1-km location accuracy and at least a
90% stroke detection efﬁciency over almost the entire coun-
try (personal communication, P. Fisher, MetService, 2004).
It should be noted that peak currents of <10kA were not
removed from the data set, as is sometimes the practice us-
ing National Lightning Detection Network (NLDN) data.
The NZLDN estimates the peak return stroke currents in the
same way as other commercial lightning detection networks,
such as the United States NLDN (Cummins et al., 1998b).
Figure 3 shows the annualized geographical distribution of
NZLDN CG stroke density (0.1◦ resolution) from the be-
ginning of network operations 22 August 2000 through to
15 August 2004. The strong cutoffs in lightning density seen
welloffthecoastlinesinthefarnorthandthesoutheastofthe
country are due to decreasing detection efﬁciencies. While
lightning densities in New Zealand are relatively low com-
paredwithmuchoftheworld(e.g., Christianetal., 2003), we
note the strong orographic effect of the Southern Alps moun-
tain chain on the West Coast of the South Island, where the
peak lightning activity lies. Electrical activity in convective
systems moving eastward off the Tasman Sea (located in the
west of the ﬁgure) appears initially enhanced by the rising
terrain of the Southern Alps, but is then largely suppressed
once travelling to the other side of the mountain range.
3.2 Contrasting the NZLDN and WWLLN
Both the NZLDN and WWLLN locations were restricted to
a spatial window around New Zealand given by the follow-
ing limits: longitudes from 165◦ E–180◦ E, latitudes from
34◦ S–49◦ S. This rectangle was designed to include all the
NZLDN high detection efﬁciency (DE) area. Lightning
events reported by both systems were included from 1 Oc-
tober 2003, when the TOGA algorithm was implemented in
the WWLLN, through to 31 December 2004.
Fig. 3. The annualized geographical distribution of New Zealand
CG lightning density determined from nearly 4 years of NZLDN
data in units of strokes km−2 yr−1.
Inside the spatial window and over this time period there
were 204,411 NZLDN CG strokes and 19,810 NZLDN intr-
acloud (IC) lightning strokes (sometimes termed “cloud dis-
charges”). In general, it is understood that there are ∼3.5
times more IC lightning ﬂashes than CG ﬂashes (Mackerras
et al., 1998), and thus one might expect there to be consider-
ably more IC events present in Fig. 2. However, the NZLDN
receiver technology is strongly focused towards the detec-
tion and accurate location of the stronger CG discharges, and
has a fairly low IC detection efﬁciency (as do other, similar
systems, e.g., NLDN). CG and IC identiﬁcation is through
waveform acceptance criteria (Rakov and Uman, 2003).
Unlike in our earlier studies, the NZLDN lightning loca-
tions were available with nano-second time resolution (c.f.
the Australian Kattron data of Rodger et al. (2004, 2005) had
1ms timing at best), while the WWLLN data has 1µs res-
olution which is sufﬁcient to meet its DE needs. In order
to make comparisons between the location estimates for CG
lightning discharges by the NZLDN and WWLLN network
data, WWLLN events were selected which occurred within
±0.5ms of a lightning event detected by NZLDN inside the
selected region. No restriction was placed on the spatial sep-
aration. Note that the time difference and spatial separation
limits are different from those employed in earlier studies
(Rodger et al., 2004, 2005; Lay et al., 2004). However due
to the to the very high time resolution of the NZLDN and
WWLLN data, plus the low New Zealand lightning rates, the
timing alone should be sufﬁcient to determine all matching
events in the two data sets. Under these restrictions a total
of 5923 WWLLN lightning discharges were found to match
NZLDN CGs, i.e., an average DE of 3% for this 15 month
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Fig. 4. Time differences (WWLLN–NZLDN) between the 5923
matching CG events detected by the WWLLN and NZLDN.
period. Note that this DE is inﬂuenced by the lack of a
lower peak current threshold in NZLDN data. There are
only 153154 NZLDN CG strokes and the same number of
IC strokes if a 10kA lower current threshold is taken, lead-
ing to an average DE of 3.8% for this 15 month period.
The long-term average DE of 3% is vastly lower than the
∼25% DE reported for a single day’s lightning observations
in South-Eastern Australia (Rodger et al., 2005). This lower
DE can be partly explained by station locations and prop-
agation, as outlined in Sect. 6.3 below. The time differ-
ences between the NZLDN and WWLLN events are shown
in Fig. 4 where the mean time difference is 32µs. Clearly
there is a slight offset, such that the WWLLN tends to re-
port CGs ∼0.03ms after the NZLDN reports the same event.
Note that there are almost no matching lightning events with
time differences greater than ±0.15ms, giving us good con-
ﬁdence we are correctly identifying coincident lightning ob-
servations.
Previous WWLLN studies have argued that the VLF net-
work also detects ICs. There were 7536 WWLLN reported
discharges which did not match to NZLDN CGs. However,
190 of these discharges do occur within ±0.5ms of NZLDN
reported ICs, suggesting that ∼1% of the NZLDN reported
IC’s were also reported by the WWLLN. However, in addi-
tion there are 7346 WWLLN locations in this region which
do not correspond to NZLDN reported CG or IC strokes. On
the basis of analysis of the upgraded Los Alamos Sferic Ar-
ray (Smith, et al., 2002), the vast majority of these “miss-
ing” WWLLN locations are likely to be IC discharges which
NZLDN has not reported (Jacobson et al., 2006). The latter
study reports that the WWLLN false detection rate is low,
assuming that the Los Alamos Sferic Array sees all CG and
non-CG events that occur. If we assume that the NZLDN
DE is ∼95%, such that there were 249134 total lightning
Fig. 5. Variation in the WWLLN CG stroke detection efﬁciency
with NZLDN-determined return stroke peak current.
strokes (CGs+ICs), the 13459 WWLLN-detected strokes
corresponds to a total lightning DE of ∼5.4% in the NZ re-
gion. We will, however, focus on the CG detection efﬁciency
so as to develop a DE model based on the well-known distri-
bution of CG return stroke peak currents.
3.3 Dependence upon peak current
The main goal of our comparison was to examine the de-
tection efﬁciency of the WWLLN relative to the NZLDN.
Several earlier studies have noted that the WWLLN tends to
detect the strongest lightning (e.g., Lay et al., 2004). The
mean absolute peak current for all NZLDN reported CG
lightning is 23.4kA, while the median absolute peak cur-
rent is 15.5kA. In contrast, the mean absolute peak current
for the CG strokes which are observed by both NZLDN and
WWLLN is46.2kA, while themedian is 37.5kA.Similar re-
sults are found for cloud ﬂashes, with the mean absolute peak
currents for all NZLDN cloud discharges being only 16.3kA
(c.f. 41.2kA for strokes detected by both systems) and the
median being 11.8kA (c.f. 37.2kA for strokes detected by
both systems). Clearly, the WWLLN is strongly biased to-
wards stronger lightning with higher peak currents. This is
emphasised by Fig. 5, showing the variation in the WWLLN
CG stroke detection efﬁciency against NZLDN-determined
return stroke peak current using 10kA bins. A similar ap-
proach was taken in the comparison of lightning observations
between the Los Alamos Sferic Array and WWLLN (Jacob-
son et al., Fig. 5, 2006), also producing a “bathtub” curve.
Here we assume for the sake of argument that the NZLDN
has a 100% DE. While the average WWLLN DE is only
∼3% for all NZLDN-reported CG discharges it is consid-
erably higher for the stronger peak currents, being ∼9–10%
for return stroke peak currents >50kA. Beyond ∼80kA the
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Fig. 6. The distribution of NZLDN-determined CG return stroke
peak currents against the number of WWLLN stations participating
in the location ﬁnding.
population is small leading to poor statistics, although the
∼10% relationship seems to roughly hold. We interpret
Fig. 5 as showing that lightning with small return stroke peak
currents produces VLF sferics which are too weak to trigger
at the required 5 (or more) WWLLN stations, and hence be
reported by the network. However, once the discharge is suf-
ﬁciently strong, in this case about >50kA, all such lightning
will trigger the network, and the DE is determined by limi-
tations in the algorithm by which each timing measurement
from the stations are combined to select a common stroke
and ﬁnd the location.
A further example of the inﬂuence of the return stroke
peak current upon WWLLN detection can be seen in
Fig. 6, where the distribution of NZLDN-determined CG re-
turn stroke peak currents is plotted against the number of
WWLLN stations which participated in the location ﬁnd-
ing. The colour scale in this ﬁgure is indicative to the num-
ber of stations participating, with “hotter” colours indicat-
ing more stations. There is a clear shift to higher NZLDN-
determined return stroke peak currents for the larger numbers
of WWLLN stations participating in the location ﬁnding, at
least up to ∼10 stations, after which the number of observa-
tions becomes too low to produce an observable signature.
The pattern in Fig. 6 is consistent with the interpretation
outlined above, where stronger return stroke peak currents
will produce high amplitude sferics which will trigger more
WWLLN stations.
4 Detection range of WWLLN stations
Figure 6 indicates that under some conditions WWLLN sta-
tions can detect lightning at very large distances, as expected
Fig. 7. Ratio of the number of events detected by the Darwin sta-
tion to the number of events detected at the same range from Darwin
by the network as a whole. The black dots show this ratio for ±2h
around local noon, while the red dots are for ±2h around local mid-
night.
from fundamental VLF propagation (Crombie, 1964). By
using WWLLN observational data we can characterise the
typical WWLLN station observing range, i.e., at what dis-
tance can a particular station detect a lightning stroke. We
use a sample of WWLLN data from 1–30 April 2005 to de-
termine the detection range of each station. To calculate the
detection range, we ﬁnd which events of the entire WWLLN
data set each station participated in detecting. For this ex-
ample, we will discuss and calculate the detection range of
the Darwin WWLLN station. We calculate the distance be-
tween the Darwin station location and each lightning event
that was detected at the Darwin WWLLN station. We then
determine the number of events Darwin detected versus dis-
tance from the station, in 200-km bins, as well as the num-
ber of events the WWLLN as a whole detected versus dis-
tance from Darwin. Because of the spherical geometry of
the Earth, the bins increase in area until 10Mm (a quarter
of the Earth’s circumference) and then decrease in area for
the larger distances. Thus, the bins that contain data from
10Mm have better statistics than those at either 1Mm or
20Mm. Figure 7 shows a histogram of the ratio of the events
the Darwin WWLLN station “saw” over the total number of
events the WWLLN network detected versus the distance of
the lightning stroke from the Darwin station. A ratio of one
would indicate that the Darwin station participated in the de-
tection of all the lightning that the WWLLN reported in that
200-km-width bin. The black dots show the ratio for events
that occurred ±2h around local noon, and the red dots show
the ratio for events that occurred ±2h around local midnight.
While lightning located very distant to the Darwin WWLLN
station may have propagated under a mixture of both day and
night ionospheres when considering the case of local noon
at Darwin, this situation will be dominated by the daytime
ionospheric propagation conditions around the WWLLN sta-
tion. The plots show that Darwin has a larger detection range
around local midnight than around local noon, as is expected
because of ionization density changes between day and night
in the Earth-Ionosphere Waveguide, leading to lower atten-
uation for propagation under the nighttime ionosphere than
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Fig. 8. Power spectral density of the VLF waveform observed at
the WWLLN station in Dunedin, New Zealand, over 15s starting at
02:00 UT on 3 December 2004.
for propagation under the daytime ionosphere (Watt, 1967).
This effect is typical of all the WWLLN stations. The plots
also show that during the day, Darwin detects the majority of
lightning within ∼8Mm, and then the detection ability drops
to zero at around 14Mm. There is an exception for strokes
that occur within ∼0.5Mm of Darwin. Strokes that occur
very near Darwin will have low propagation-produced dis-
persion and may not have an expected dispersed waveform
at the station. As the dispersion is tested at each station to
determine if an observation is consistent with a lightning-
produced sferic (e.g., Rodger et al., 2005), such sferics may
be rejected. This rejection may explain the lower detec-
tion ability at short ranges from the WWLLN station. The
plots show that during nighttime, the detection ability falls
off more slowly with distance, becoming zero around 14–
15Mm distance. The Darwin detection range ﬁndings are
representative of all the WWLLN stations. Note that the ratio
does not reach one, particularly during local midnight condi-
tions. We interpret this ﬁnding as due to lightning detected
by the necessary 5 stations, without Darwin participating in
the detection. Due to higher attenuation in the daytime iono-
sphere, it is less likely for a sferic to trigger 5 stations ex-
cluding Darwin around noon than around midnight, making
the maximum noon ratio larger than the maximum midnight
ratio. Note that if we only include lightning reported by ex-
actly 5 stations including Darwin, the ratio would always be
1, such that values which lie below 1 are caused by multiple-
station detection of lightning.
5 Estimate of WWLLN global detection efﬁciency
As noted by Rodger et al. (2005), a rough estimate the
WWLLN regional detection efﬁciency can be made by ex-
amining the mean lightning rate reported by the network.
Optical Transient Detector observations indicate that the ex-
pected mean geographic global annual average ﬂash rate is
44±5 ﬂashes per second (Christian et al., 2003). In con-
trast, the mean “high quality” WWLLN lightning rate in
2004 was 0.63 per second, indicating that the WWLLN de-
tected very roughly ∼1.5% of the global total lightning. Fol-
lowing the argument in Rodger et al. (2005) concerning the
distribution of detected IC and CG discharges, this suggests
that in 2004 WWLLN reported good locations for ∼2.3% of
global CG activity. Comparisons between the regional max-
ima in the Carnegie curves and WWLLN data (e.g., Rodger
et al., 2005) allow rough estimates of the regional variation
in WWLLN DE. This study reported that there was a strong
regional variation in the WWLLN DE, showing that the DE
in the case of the Maritime Continent was ∼3 times larger
that that of the Americas. While we can compare lightning
rates reported by the WWLLN and commercial networks,
regional observations cannot be applied across the network
in a deeply meaningful fashion, beyond the ﬁrst order esti-
mates described above. The receiving stations which make
up the WWLLN do not have identical receiving hardware,
local noise levels or absolute triggering levels, although they
do use identical software algorithms. Thus, in order to inves-
tigate this in more detail we have developed a ﬁrst principles
detectionefﬁciencymodeltodescribetheWWLLN,combin-
ing calibration information for each station with theoretical
modelling to describe the expected amplitudes of the VLF
sferics observed by the network. The detailed development
of this model is describing in the following sections.
5.1 Observation of known transmitters in WWLLN Spectra
Each WWLLN receiver records the local VLF waveform us-
ing a standard 16-bit computer soundcard. Thus the uncali-
brated observations at each WWLLN station are initially in
sound card units. In addition to the routine sferic process-
ing, each station records a 15-s broadband VLF waveform
every 10 minutes, containing ∼0–24kHz VLF observations.
The waveform is used to produce an image of the local spec-
tra, which is viewable from the WWLLN primary website:
http://webﬂash.ess.washington.edu/. Calibration of a given
WWLLNstationispossibleusingthewaveformﬁlesthrough
the presence of known signals in the waveform, allowing the
local sound card units to be calibrated into absolute electric
ﬁeld values. The known signals in the waveforms are pro-
duced by very powerful man-made transmitters that operate
from established receiver locations at ﬁxed frequencies (e.g,
Byron, 1996; Barr et al., 2000). As the transmitters often
serve strategic military forces they require near-continuous
operation. The 15-s power spectral density derived from the
waveform ﬁle from the WWLLN station in Dunedin, New
Zealand, at 02:00 UT on 3 December 2004 (i.e., within 2h
of local noon) is shown in Fig. 8 in dB relative to an arbitrary
value. Several VLF transmitters are present above ∼11kHz.
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The ﬁrst three thin spikes are due to the un-modulated sig-
nals from the Russian “Alpha” navigation network operating
at ∼11.9, 12.6, and 14.9kHz. A number of powerful VLF
communications transmitters are seen at higher frequencies,
the strongest of which is the US Navy transmitter located
at the North West Cape of Australia, operating at 19.8kHz.
This transmitter is ∼6Mm from Dunedin, which is compar-
atively local for VLF propagation.
The received amplitudes of known VLF transmitters are
extracted from the waveform ﬁles in sound card units, cor-
rected for the frequency-varying WWLLN receiver ampli-
tude response (Dowden et al., 2002). This extraction was
tested by comparing the 10min resolution uncalibrated am-
plitudes received in Dunedin from known VLF transmit-
ters with those reported by the 0.2s resolution narrowband
AbsPAL receiver (e.g., Thomson et al., 2005). During
the WWLLN “Calibration Campaign” period (14–17 April
2005) waveform ﬁles were downloaded every 10min from
each station. However, due to the large amounts of trafﬁc
involved (∼3Mb per ﬁle), and the internet charging regime
imposed on New Zealand universities, downloads were lim-
ited to periods for which the transmitter-receiver paths were
daylit. The daytime ionospheric D-region, which deﬁnes the
boundary of the Earth-ionosphere waveguide in which the
VLF sferics propagate, is dominated by the energy inputs
from the Sun (e.g., Hargreaves, 1992). For this reason the
daytime D-region has proved easier to characterise (McRae
and Thomson, 2000) than the nighttime case, allowing for
accurate modelling of VLF subionospheric propagation.
5.2 Contrast with theoretical values
The expected absolute amplitude received for each known
VLF transmitter at each WWLLN receiver is predicted using
a VLF subionospheric propagation model, termed LWPC.
TheNOSCLongWavePropagationCapability(LWPC)code
(Ferguson and Snyder, 1990) is inhomogeneous on a global
scale and utilizes global ionospheric and ground conductiv-
ity maps. The code computes modal conversion along the
propagation path on a continual basis and is widely regarded
as the most realistic model for VLF propagation. We allow
all parameters to vary in the usual manner using the standard
LWPC ionosphere, with the exception that the daytime iono-
spheric D-region electron density proﬁles along the path is
dependent on solar zenith angle following McRae and Thom-
son (2000). We ﬁnd that there is a constant scaling factor
between the WWLLN observed amplitudes and those calcu-
lated by LWPC. By contrasting the WWLLN-determined re-
ceived VLF transmitted amplitudes in local sound card unit
measurements with those predicted by the LWPC code for
transmitters with known location and radiated power, and the
variation of both across the day, the sound card unit transfor-
mation for each station into V/m has been determined.
Fig. 9. Variation in the triggering threshold (in sound card units)
at the Dunedin, New Zealand, WWLLN station during the 2005
calibration campaign. The horizontal lines indicate the maximum,
mean, and minimum threshold values.
5.3 Determination of trigger threshold
WWLLN stations do not trigger at an absolute electric ﬁeld
value, but rather when the change in the received VLF
waveform between two soundcard samples surpasses a given
threshold. In addition, the triggering threshold varies over
time at each station to limit the maximum number of trig-
gers a station may return to the central processing computer
(CPC) each second (Rodger et al., 2004). This automatic
threshold control approach stops a receiving station from
triggering at an unrealistically high rate and ﬂooding the
CPC with bad TOGA values. The varying threshold value
must also be incorporated into the WWLLN detection efﬁ-
ciency model. During the mid-April 2005 calibration cam-
paign, the 1-s varying threshold (in sound card units) was
logged for each WWLLN station. An example of this vari-
ation is given in Fig. 9, showing the threshold level at the
Dunedin WWLLN station. Triggering occurs when the dif-
ference between successive samples exceeds the threshold,
Vth (shown in Fig. 9) which is effectively a value of the
difference sound card units between two successive samples
20.8µs apart. The horizontal lines in the ﬁgure indicate the
maximum, mean, and minimum threshold values (top to bot-
tom). Generally, the threshold varies in a well-behaved man-
ner based on the local VLF broadband noise levels. In the
late morning of 18 April 2005 NZST (shown in the ﬁgure as
the Universal Time evening of 17 April 2005) the threshold
rapidly increases, probably due to thunderstorm activity in
the New Zealand region.
In order to describe the typical state of the WWLLN in our
detection efﬁciency model we make use of the mean thresh-
old value. The variation seen in Fig. 9 shows that the thresh-
old can, however, vary signiﬁcantly. Indeed, the automatic
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Fig. 10. Sensitivity of the WWLLN stations during the April 2005 calibration campaign, shown relative to the station which triggered for
the smallest change in received absolute waveform.
threshold control approach makes it difﬁcult to develop a de-
scription of the WWLLN detection efﬁciency which is rep-
resentative for a signiﬁcant time period. In addition, at this
time normal network operation does not include sending the
triggering threshold back to the CPC for archiving. This
varying parameter should be recorded for future analysis.
5.4 Global E-ﬁeld changes required to trigger the WWLLN
network
WWLLN stations trigger, capturing a sferic waveform, when
the change between two samples of the received VLF-band
waveform exceeds a given value (Dowden et al., 2002;
Rodger et al., 2004). Having established the mean trigger-
ing thresholds for each station (in sound card units), and
the scale-factor by which the waveform amplitudes in sound
card units are converted to absolute electric ﬁeld values, the
threshold triggering value in V/m between two successive
samples 20.8µs apart (i.e., sampled at 48kHz) has been
determined for each station. The global variation in mean
threshold triggering value is shown graphically in Fig. 10,
given relative to the most “sensitive” WWLLN station, i.e.
that which triggers for the smallest change in received ab-
solute waveform (Tahiti). Note that during the calibration
campaign period there was a ∼25–30 ratio in station sensi-
tivity across the network, where the most sensitive station
triggered on a ∼14mV/m change in the received waveform
between two samples.
6 Prediction of detection efﬁciencies during calibration
campaign
6.1 VLF sferics from a “typical” CG discharge
In order to determine if a WWLLN station will trigger for
a given VLF sferic, the received waveform from a “typical”
CG lightning discharge is calculated using LWPC, following
the approach outlined by Cummer (1997). To determine the
VLF radiated ﬁelds we ﬁrst model the net current-moment of
the return stroke channel, which is given by (Jones, 1970)
i(t)·l(t)=ig0υ0

γ[exp(−at)−exp(−bt][1−exp(γt)], (1)
where ig0 =20kA, a =2×104 s−1, υ0 =8×107 ms−1, γ =
3×104 s−1, and b=2×105 s−1. Equation (1) leads to a cloud
to ground return stroke peak current of 13.9kA (c.f. a me-
dian return stroke peak current of 28kA (Popolansky, 1972)),
and so the CG current is scaled by 2 to described a typi-
cal discharge. The Cummer (1997) study describes how to
use LWPC-like VLF propagation models to calculate real-
istic received waveforms radiated by a CG discharge, in-
cluding the frequency-dependent antenna response. Cummer
and co-authors have made use of this approach to probe the
ionospheric D-region with lightning-generated VLF sferics
at NLDN-determined locations, by changing the ionospheric
electron density proﬁles to obtain the “best ﬁt” to the re-
ceived waveforms (e.g., Cummer et al., 1998).
In our case we are not concerned with probing the iono-
spheric D-region, but rather describing the sferic waveforms
which will be observed by the WWLLN receivers. Thus
in our case we use the standard LWPC suggested iono-
spheric electron density proﬁles, albeit with the modiﬁcation
of Mcrae and Thomson (2000). The LWPC calculation al-
lows us to determine the VLF waveform (0–24kHz) received
at any WWLLN station due to a CG lightning discharge oc-
curring at a given location. This calculation is undertaken for
a grid of discharge locations to every WWLLN station, de-
scribing the sferics received from each grid location by the
entire network. As the calculation of each waveform at each
station is computationally intensive, a 10◦ latitude and lon-
gitude resolution is used for the spatial grid, limited to light-
ning located between 60◦ N–60◦ S, as little lightning occurs
outside these latitudes (e.g., Fig. 2).
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Fig. 11. Globally varying minimum CG return stroke peak current required for WWLLN detection. Modelling undertaken with the iono-
spheric conditions expected for 12:00 UT on 16 April 2005.
Fig. 12. Globally varying maximum WWLLN CG detection efﬁciency, on the basis of the mean triggering thresholds determined in Sect. 5.3
and assuming a “perfect” combination algorithm. Modelling undertaken with the ionospheric conditions expected for 12:00 UT on 16 April
2005.
6.2 WWLLN detection of VLF sferics and DE
Observations from at least 5 WWLLN stations are needed to
produce a “good” observation. Only 4 stations are needed to
provide a distinct location, but ﬁve provides better elimina-
tion of multi-packet sets, and hence “good” locations. Hav-
ing determined the typical VLF waveform (0–24kHz) re-
ceived at the WWLLN stations due to a lightning discharge
at a given location, this information can be used to ﬁnd the
5 stations where the largest changes in the waveform will be
observed. These 5 stations represent the minimum WWLLN
detection required to produce a high quality location. On
the basis of the electric ﬁeld change thresholds required for
all 5 of those stations to trigger, a minimum return stroke
peak current is determined such that a lightning in the given
location could be detected by the WWLLN. The cumula-
tive probability distribution of return stroke peak currents in
cloudtogrounddischargesisknown(Popolansky, 1972), and
thus the potential DE of the network is provided by the per-
centage of total lightning which are equal to, or greater than,
the minimum return stroke peak current. Note that this ap-
proach assumes that the algorithm used to combine TOGA
values into lightning locations is perfect, i.e., that the only
factors determining the WWLLN DE are concerned with sta-
tion triggering. As will be seen below, the TOGA combina-
tion algorithm is imperfect in practice. Thus the calculation
described above provides the potential maximum detection
efﬁciency of the network.
Figure 11 shows the globally varying minimum detectable
CG return stroke current for the WWLLN during the cal-
ibration campaign. In this case LWPC propagation mod-
elling was undertaken for the global ionospheric conditions
expected at 12:00 UT on 16 April 2005. Clearly, the low
station density in South America and southern Africa during
the campaign period means only very high-peak current CGs
were detectable from these regions, leading to a global mean
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Fig. 13. Globally varying estimated WWLLN CG detection efﬁciency, based on the modelling and comparison with the NZLDN commercial
network. Modelling undertaken with the ionospheric conditions expected for 12:00 UT on 16 April 2005.
minimum detectable peak current of ∼90kA (∼8% of CGs,
Popolansky, 1972). This global mean contrasts with that for
the New Zealand region, where the minimum detectable CG
peak current is ∼37kA (37% of CGs).
Figure 12 presents the globally varying theoretical max-
imum WWLLN detection efﬁciency during the calibration
campaign period (mid-April 2005), on the basis of the mean
triggering thresholds determined in Sect. 5.3 and the mini-
mum detectable currents in Fig. 11. With the assumption of
a perfect combination algorithm WWLLN had a globally av-
eraged maximum detection efﬁciency of 23%, ranging from
∼50% in the longitude sectors of the Maritime Continent
(80◦–180◦ E) to 7% in the longitude sectors of the Ameri-
cas (130◦–40◦ W). Note that the detection efﬁciency in the
Americas is lower than one would expect simply from the
station density. This is largely due to the low sensitivity of
the WWLLN station on the US East Coast. The relative sen-
sitivity of WWLLN stations will strongly affect the regional
detection efﬁciency, and as such requires further examination
by the network operators. Our modelling shows that with
a “perfect” TOGA combination algorithm, the April 2005
WWLLN could not meet its suggested goal of a 50% de-
tection efﬁciency. Nonetheless, even the conﬁguration from
April 2005 had the potential to provide good coverage for
much of the globe, particularly the Maritime Continent.
6.3 Modelled DE based on regional comparisons
However, the modelling presented above predicts that the
detection efﬁciency for the New Zealand region should be
∼37%, considerably larger than we established in Sect. 3.2,
and reﬂects the inefﬁciencies in the existing algorithm used
for combining the TOGA measurements so as to produce a
lightning location. WWLLN detected ∼8% of NZLDN CGs
with currents of 35kA (Fig. 5), roughly the minimum de-
tectable CG peak current in this region, allowing us to esti-
mate the efﬁciency including the limits imposed by this al-
gorithm. Figure 13 shows the WWLLN DE taking this into
account. Note that this leads to very different detection ef-
ﬁciencies between New Zealand and Australia. The calcu-
lated DE for South-Eastern Australia is only about half that
reported for a single day’s lightning observations in January
2004 (Rodger et al., 2005). This apparent decrease probably
reﬂects the variable nature of the network and the decreasing
efﬁciency of the existing TOGA combination algorithm with
increasing global station number. Rodger et al. (2004) re-
ported on the algorithm by which each TOGA measurement
from the WWLLN stations are combined to select a common
stroke. This process is still used, modiﬁed with additional
tests on the observed sferic (Rodger et al., 2005). However,
with the growing global network it is more and more likely
that a set of TOGA for a stroke may be “contaminated” by
near-simultaneous observations occurring elsewhere in the
network of sferics from a different discharge. The decreasing
efﬁciency of the existing TOGA combination algorithm is a
recognised problem inside the WWLLN consortium, and is
further discussed in Sect. 8.1.
6.4 Variation in DE due to VLF propagation
As WWLLN relies upon propagation of the VLF sferic be-
neath the ionosphere, WWLLN detection efﬁciencies will
depend on the changing nature of the ionospheric D-region.
In order to determine the signiﬁcance, we have repeated our
LWPC calculations for the global ionospheric conditions ex-
pected at 00:00 UT on 16 April and 12:00 UT on 16 Oc-
tober. Figure 14 presents the WWLLN DE for 00:00 UT
on 16 April. This ﬁgure should represent the largest differ-
ences due to changing VLF propagation, and is to be con-
trasted with Fig. 13. There are signiﬁcant increases in the
estimated DE in the Maritime Continent, as VLF propagates
with less attenuation beneath the nighttime D-region. The ef-
fect is considerably less signiﬁcant in Europe and the Amer-
icas, indicating that the dominant effect in setting the DE
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Fig. 14. Globally varying estimated WWLLN CG detection efﬁciency, for comparison with Fig. 13. Modelling undertaken with the iono-
spheric conditions expected for 00:00 UT on 16 April 2005.
Fig. 15. Globally varying minimum CG return stroke peak current required for WWLLN detection assuming all WWLLN stations had the
same sensitivity as Tahiti. To be contrasted with Fig. 11.
of WWLLN in these regions are the station locations and
thresholding. In the Australian region there is a ∼3–5% in-
crease in DE, while the largest improvements of ∼10% oc-
curs for locations near Papua New Guinea. The large change
near Papua New Guinea corresponds to DE changing by
∼25%, indicating the signiﬁcance of diurnal cycles in VLF
propagation to the WWLLN DE. However, in contrast, the
differences between April and October are very slight (not
shown), with no DE differences larger than ∼1%.
7 Estimate of potential DE of campaign-period
WWLLN network
In the analysis above we argued that the thresholding and
sensitivity of the WWLLN stations were highly important
factors in the global variation in WWLLN DE. Figure 15
shows the globally varying minimum detectable CG return
stroke current for the WWLLN assuming all stations had the
sensitivity of Taihiti. This forced “recalibration” of the net-
work leads to major reductions in the minimum current re-
quired to trigger the network, and therefore would produce
major changes in the DE of the network. In this case the
global mean return stroke current required to trigger the net-
work decreases to 22kA. Such high sensitivities would make
the WWLLN much more likely to meet its DE target. How-
ever, itshouldbenotedthatthiswouldleadtoalargeincrease
in data trafﬁc inside the network, which could create difﬁcul-
ties for some station hosts. While the planned improvements
in the TOGA combination algorithm will make more efﬁ-
cient use of the data, improving the varying sensitivity of the
WWLLN stations would also improve the DE.
8 Estimate of DE of current WWLLN network
Signiﬁcant changes have been made to the network since the
April 2005 calibration campaign, primarily in the form of
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Fig. 16. Estimates of the minimum CG return stroke peak current (top panel) and detection efﬁciency (lower panel) for the April 2006
WWLLN.
additional WWLLN stations in the longitudes of the Amer-
icas. Making use of our ﬁrst-principles model described
above, we can estimate the DE of the April 2006 WWLLN
as shown in Fig. 16. Here we have assumed that the sensi-
tivity of the stations is unchanged from the April 2005 cal-
ibration period, and undertaken our modelling for the iono-
spheric conditions expected at 12:00 UT on 16 April 2005.
The 6 new WWLLN stations (shown as yellow diamonds in
Fig. 1) are assumed to have “average” sensitivities based on
the calibration period (Fig. 10). Both of these are signiﬁ-
cant assumptions that will need to be tested during the auto-
mated calibration process outlined below. The upper panel
of Fig. 16 shows the minimum CG return stroke peak cur-
rent required to trigger 5-WWLLN stations, while the lower
panel shows the estimated DE of the existing network. These
panels should be contrasted with Figs. 11 and 13, respec-
tively. As expected, the addition of the extra WWLLN sta-
tions leads to decreased peak currents required for trigger-
ing in the American sector, as well as improved DE. The
additional station in northern Europe also leads to a major
improvement in DE in the Mediterranean region. The most
signiﬁcant improvement in terms of coverage, however, is in
eastern South America and the South Atlantic, where the sta-
tions at Rothera and Ascension Island together bring much
lower minimum triggering currents.
9 Discussion
9.1 Future improvements
A number of improvements are currently planned for the
WWLLN. As shown in Fig. 1, new stations are planned,
and the coverage of the network is growing steadily. With
increasing WWLLN coverage, the existing algorithm has
proved less ﬂexible than was hoped. A new TOGA grouping
algorithm is currently under development which produces
more high-quality lightning locations than the existing ap-
proach. In particular, the new algorithm is less sensitive to
interference from the observation of multiple different light-
ning events across the network in the same time period. The
DE of the network will need to be re-examined at this point,
as additional stations plus the improved algorithm are ex-
pected to lead to large improvements in detection efﬁciency.
The WWLLN consortium now plans to introduce auto-
matic calibration of the network, making use of the approach
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Fig. 17. Summary of 2005 WWLLN lightning activity, in the same format as Fig. 2.
Fig. 18. Summary of 2005 WWLLN lightning activity, in the same format as Fig. 17, but including only the 10.1 million locations observed
by 6 or more stations. Note the contour thresholds have been divided by 2.
outlined in this paper. Automatic calibration will allow reg-
ular monitoring of the detection efﬁciency of the network.
In addition, calibration will also allow WWLLN to measure
the radiated power of each detected lightning discharge, and
hence provide an indication of the strength of global light-
ning in real time.
9.2 2005 global statistics
Figure 2 presented the global lightning activity reported by
the WWLLN for 2004. With increasing station density, the
global coverage of the network is steadily improving. This
enhancement is emphasized by Fig. 17, which shows the
WWLLN 2005 global lightning activity in the same format
as Fig. 2. This plot includes all 18.1 million “high quality”
WWLLN locations from this year. Note that the upper and
left hand panels presenting the longitudinal and latitudinal
variation in WWLLN-detected lightning indicates signiﬁcant
improvement in WWLLN coverage in the Americas. The
additional stations deployed in this sector will continue this
improvement expected in the 2006 data (e.g., Peru and the
Antarctic Peninsula).
Figure 18 shows the WWLLN 2005 global lightning ac-
tivity, including only the 10.1 million locations which were
observed by 6 or more stations (c.f. 5 of more stations in
Fig. 17). Here the contour thresholds have been divided by 2
to compensate for the decrease in the number of events. The
pattern of lightning activity is essentially the same between
the two ﬁgures, suggesting that the primary difference be-
tween the two datasets is an alteration in the minimum peak
current threshold required to trigger the necessary stations.
Thus while the detection efﬁciency of the WWLLN is low,
it is not clear that the distribution of global lightning activ-
ity will be signiﬁcantly different as the network DE is im-
proved (e.g., by a factor of 2), and additional lower current
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lightning is included. This is fundamentally consistent with
the regional study of Jacobson et al. (2006), who concluded
that WWLLN supplies a “spatially accurate and representa-
tive census of storms”.
9.3 The signiﬁcance of high-peak current lightning
Barrington-Leigh and Inan (1999) reported that all NLDN-
detected CGs with return stroke peak currents greater than
55kA produced elves, while ∼70% of CGs with currents
>45kA produced elves. If one assumes that the elve-
producing threshold is ∼50kA, this suggests that 25% of CG
discharges (Popolansky, 1972) will produce elves. Given that
the mean global ﬂash rate is 44 per second (Christian et al.,
2003), and there are ∼3.5 times more IC lightning ﬂashes
than CG ﬂashes (albeit with a factor of 2 uncertainty) (Mack-
erras et al., 1998), this suggests that the global mean elve
rate should be as high as ∼3.5 per second, or 210 elves per
minute. This elve rate is signiﬁcantly larger than the esti-
mated global mean sprite rate of ∼3 per minute (Fullekrug,
2005), reasonably consistent with the ISUAL satellite obser-
vations of elves and sprites which showed vastly more elves
than sprites (Mende et al., 2005). In addition, if we conser-
vatively assume that each elve affects an atmospheric region
100km in radius, while sprites affect a region ∼20km in ra-
dius, it is clear that elves impact a vastly larger region of the
upper atmosphere than sprites (∼1750 times larger), inter-
acting with the upper atmosphere across a surface area >1%
of that of the Earth each minute. Clearly, the energy inputs
from lightning EMP that lead to elves have the potential to
signiﬁcantly inﬂuence the ionosphere on regional scales, as
suggested by some studies (e.g., Rodger et al., 2001).
The WWLLN is well suited to the study of lightning-
EMP and its impacts upon the upper atmosphere. The
minimum peak current calculations described above indi-
cate that ∼75% of all WWLLN-reported lightning will
have peak currents >50kA. Thus the 2005 WWLLN ob-
servations will provide lightning locations for ∼12% of
the global elve activity, based on the observed WWLLN
elve-producing lightning rate of 26 ﬂashes/min (75% of
18.1×106/(365×24×60)).
10 Summary
An experimental VLF World-Wide Lightning Location Net-
work (WWLLN) has been developed through collaborations
with research institutions across the world. The aim of the
WWLLN is to provide global real-time locations of light-
ning discharges, with >50% CG ﬂash detection efﬁciency
and mean location accuracy of <10km. In the last ∼5 years
the network has expanded from a limited number of sta-
tions in the Western Paciﬁc to its April 2006 state of 25 sta-
tions which cover much of the globe, with additional stations
planned in the near future. Several previous studies have
considered the detection efﬁciency of the WWLLN, showing
that WWLLN tends to detect high-peak current lightning dis-
charges and that there are strong regional variations in the de-
tection efﬁciency. In this paper we focused on the detection
efﬁciency of the WWLLN, both on the regional and global
scale.
An initial comparison contrasted the locations and times
reported by the WWLLN with New Zealand lightning lo-
cation data purchased from a commercial lightning loca-
tion network. Our analysis conﬁrmed that WWLLN favours
the detection high-peak current return stroke lightning dis-
charges, and showed that stronger lightning are observed by
more stations in the global network. The NZLDN compari-
son showed that WWLLN has an essentially constant detec-
tion efﬁciency for CG lightning above a certain return stroke
peak current, rapidly falling off to zero at a current threshold
around 35kA.
We went on to construct a ﬁrst principles detection efﬁ-
ciency model to describe the detection of lightning by the
WWLLN,bycombiningcalibrationinformationforeachsta-
tion with theoretical modelling. The ﬁrst-principles model
allowed calculation of the expected amplitudes of the VLF
sferics observed by the network and thus prediction of the
minimum CG return stroke peak current required to trig-
ger the network. From the minimum currents the varying
detection efﬁciencies were determined, showing strong spa-
tial variations across the globe due to station density and
sensitivity. VLF propagation was also shown to inﬂuence
WWLLN detection efﬁciencies, with detection rates being
about one-quarter higher in some nighttime sectors. While
the WWLLN detection efﬁciency is both variable and sig-
niﬁcantly below the ultimate goal for the network, it is im-
portant to note that each location is highly accurate in time
and space, as demonstrated by contrast with other detection
networks.
WWLLN is currently best suited to study the occurrence
and impacts of high peak-current lightning. For example, in
2005 about 12% of the global elve-producing lightning will
have been located by the network. As the lightning-EMP
which produce elves have a high mean rate (210 per minute)
it has the potential to signiﬁcantly inﬂuence the ionosphere
on regional scales.
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